ABSTRACT The mass depopulation of production birds remains an effective means of controlling fastmoving, highly infectious diseases such as avian influenza and virulent Newcastle disease. Water-based firefighting foam is a conditionally approved method of depopulating floor-reared gallinaceous poultry such as chickens and turkeys; however, ducks have physiological mechanisms that may make them more resistant to this method of depopulation. The following experiment was designed to assess the physiological responses of White Pekin ducks to nonterminal submersion in water-based foam compared with water. The hypothesis of this experiment was that submersion of ducks in water or water-based foam would trigger the diving reflex and lead to bradycardia. All treatments led to pronounced bradycardia. Heart rate was not significantly different between treatments during the final 30 s of the 60-s treatment period. Heart rate dropped significantly faster for the water dip and foam dip treatments and rose significantly faster than the foam pour treatment after the termination of the 60-s treatment period. Duration of bradycardia approached significance for the foam pour treatment, leading to a longer duration of bradycardia compared with the water pour, water dip, and foam dip treatments. The results of this experiment demonstrated that apnea and bradycardia as a result of the diving reflex can occur as a result of submersion in foam, which may have an impact on the time it takes White Pekin ducks to reach unconsciousness and death during water-based foam depopulation.
INTRODUCTION
The possibility of an outbreak of highly pathogenic avian influenza, or virulent Newcastle disease is an ongoing concern for the poultry industry. When outbreaks of highly pathogenic avian influenza occur, the affected farms require depopulation (culling) of all infected, exposed, or potentially infected birds (USDA, 2007) . Depopulation may also be required in the event of a natural disaster or structural damage to the facility. In the event that a flock needs to be depopulated, it is important to balance safety and efficiency with the welfare of the birds. Previous studies by Benson et al. (2007 Benson et al. ( , 2009 and Alphin et al. (2010) compared the effectiveness of CO 2 gassing to water-based foam for the depopulation of floor-reared poultry. These studies included several different types of poultry and game birds including broilers, layers, turkeys, chukars, Japanese quail, call ducks, and White Pekin ducks. Water-based foam as a method of mass depopulation of floor-reared poultry was conditionally approved by the USDA-Animal and Plant Health Inspection Service (APHIS) and the American Veterinary Medical Association in 2006 (AVMA, 2006) .
Although water-based foam is an effective means of depopulation for gallinaceous species (Dawson et al., 2006; Benson et al., 2007 Benson et al., , 2009 Alphin et al., 2010; Flory and Peer, 2010; Rankin, 2010) , there has been some concern that ducks may be able to withstand hypoxia, which is the mechanism by which foam induces death. Ducks are known to have a diving reflex, by which apnea causes bradycardia, which is naturally triggered by submersion in water (Butler and Taylor, 1973; Bamford and Jones, 1974) . Bryan and Jones (1980) determined that bradycardia was an oxygen-conserving cardiovascular adjustment that played a key role in increased tolerance to asphyxia, which is important for diving species. Having water in contact with the beak, na-res, or internal respiratory passages is not necessary to elicit a diving-type response, but rather it is the apnea itself that triggers the bradycardia seen during the diving reflex (Butler and Taylor, 1973) . If foam contact with the beak, nares, or respiratory passages is sufficient to elicit the diving reflex, ducks undergoing foam depopulation may undergo a period of bradycardia that allows them to withstand a longer period of asphyxia and hence increases time to unconsciousness and death.
A previous study by Benson et al. (2009) showed that foam can be successfully used to depopulate ducks; however, cessation time was collected through motion cessation, and the time it took for the animals to reach unconsciousness and brain death could not be calculated from the motion cessation data. This study also found that the motion cessation times for ducks as measured by an accelerometer were comparatively longer than chukars, broilers, and quail depopulated in foam in a similar manner (Benson et al., 2009) . Ducks have physiological differences from gallinaceous birds, as described above, which some studies suggest makes them more difficult to depopulate (Raj, 2008) , whereas others found that there was no significant difference in their ability to withstand hypoxia (Gerritzen et al., 2006) . It is therefore important to further investigate the physiological responses of ducks to water-based foam depopulation to ensure the welfare of the animal. The following experiment aimed to test the hypothesis that temporary submersion of White Pekin ducks in water-based foam would trigger the diving reflex and lead to bradycardia.
MATERIALS AND METHODS

General Procedure and Instrumentation
Eight straight run White Pekin ducks were obtained from a commercial hatchery (Metzer Farms, Gonzales, CA) and raised following standard care and conditions. The ducks were raised on litter and were allowed access to commercial feed and water ad libitum. To measure electrical cardiac activity, each duck was instrumented with electrocardiogram (ECG) electrodes and leads (BIOPAC Systems Inc., Goleta, CA) placed on a previously plucked area on each leg and underneath the right wing. The ECG signals were recorded using BIOPAC Student Lab (BSL) software and processed through a BIOPAC Systems Inc. MP30A acquisition unit. Analysis of the ECG signals was conducted using BIOPAC BSL Pro to analyze the recorded signals and find critical points. Critical points included onset and cessation of bradycardia. Bradycardia was defined for analysis purposes in this study as a heart rate that dropped to 100 beats per minute (bpm) or less and sustained the lowered rate for at least 10 consecutive seconds, followed by a return to a rate in excess of 100 bpm. A heart rate of 100 bpm was selected because it represented an approximately 50% reduction in normal heart rate, which would meet the definition of bradycardia.
Foam Treatments
For the foam treatment, water-based foam with ambient air was created using a nozzle type foam depopulation system (model AG-1, Spumifer, Ridgefield Park, NJ). This system draws air through the rear of the nozzle and combines it with a mixture of the foam concentrate and water. A 1% solution of foam concentrate (WD-881, Phos-Check, St. Louis, MO) and water was premixed on the day of trial. A Darley water pump (model 2 1/2 AGE 31 BS, Darley, Itasca, IL) was used to supply the required pressure and flow. The pump was driven by a 23-kW (31 hp) gasoline engine (Briggs and Stratton Vanguard, Milwaukee, WI), which provided a rated performance of 1,136 L/min (300 gal/ min) at 586 kPa (85 psi). This foam system meets the USDA-APHIS conditional requirements for waterbased foam depopulation. All testing was performed under the approval and guidelines of the University of Delaware Agricultural Animal Care and Use Committee and followed the guidelines laid out by the Federation of Animal Science Societies (FASS, 2010) .
Evaluation of the Diving Reflex
For this experiment, a total of 8 White Pekin ducks, 8 to 11 wk old, were instrumented with ECG leads as described above. The ducks were restrained horizontally, ventral side down in a wooden cradle using a full-body-length custom restraint jacket. A hood was placed over the ducks' eyes to reduce movement and prevent anticipation of any treatment. A baseline of 420 s was established. After this point, the duck was exposed to 1 of 4 random treatments as determined by a randomization table created in Excel (Microsoft Corp., Redmond, WA). The treatments were (1) water dip (WD), (2) foam dip (FD), (3) water pour (WP), or (4) foam pour (FP). The bill was submerged by lowering the head into a container of either water (1) or foam (2) so that the nares were covered for 60 s. Water (3) or foam (4) was poured over the bill, flowing over the nares for the full 60-s treatment period.
For the foam pour and water pour treatments, foam or water was poured into a 208-L drum using the hose from the foam system and situated on a platform above the duck. The 208-L drum was fitted with a sliding lever that allowed the foam or water to achieve a continuous flow rate of 13.3 L/min over the 60-s treatment period.
The ducks were given at least 1 h between tests to recover. A recovery time of 1 h was chosen because a previous study found that White Pekin ducks that were forced to dive for times ranging between 60 and 900 s showed no physiological injury as demonstrated by the heart rate, blood pressure, ECG, and EEG returning to predive levels by the time a second endurance dive was initiated 1 h later (Hudson and Jones, 1986) . The ducks were closely monitored and submerged for a maximum of 60 s and were immediately removed if respiration continued while the ducks were submerged. During the course of this experiment, however, no ducks attempted respiration while submerged. After 60 s of submersion, the ducks were monitored during recovery for an additional 420 s, for a total recording time of 900 s. The 900-s recording period for this experiment was broken into 8 critical time periods for analysis. The time periods were based on relation to the treatment period: the first 60 s of pretreatment (0 to 30 s and 30 to 60 s), the last 30 s of pretreatment (390 to 420 s), the treatment period (420 to 450 s and 450 to 480 s), the first 30 s of posttreatment (480 to 510 s), and the last 60 s of the posttreatment period (840 to 870 s and 870 to 900 s).
For this experiment, there were 2 groups of 4 ducks, for a total of 8 ducks, and each duck was randomly assigned to treatment; however, the treatment assignment was not balanced. A total of 65 trials were completed with the FP treatment having 15 trials, FD treatment 17 trials, WD treatment 17 trials, and WP treatment 16 trials. The mean heart rate for each 30-s interval was calculated for each duck, and these means were averaged for each of the 4 treatments. In addition to analyzing the effect of submersion of the ducks' bills in foam or water on heart rate, the duration of bradycardia caused by contact with foam or water was also analyzed. Statistical analysis was performed using JMP (SAS Institute Inc., Cary, NC) using the Fit Model for each time period with treatment and duck as a random variable. Because an unbalanced Block Design was used, ducks were included in the mixed model as a block factor with random effect. Data presented were calculated as means ± SEM based on pooled variance. Each time period was considered a separate model without repeated measures. Multiple comparisons were performed using the Tukey-Kramer honestly significant difference test (P = 0.05). The analysis was verified using SAS as PROC GLM, least squares means, with the Tukey comparison option. Figure 1 below shows that all 4 treatments caused a drop in heart rate that met the definition of bradycardia. As seen in Table 1 , no differences occurred in heart rate between treatment groups during the pretreatment periods (0 to 30 s, 30 to 60 s, and 390 to 420 s; P > 0.05). Additionally, no differences in heart rate occurred across treatment groups for FP and WP or FD and WD at any point during the trial period.
RESULTS
There was an effect of different treatments on heart rate during the treatment periods as shown in Figure 1 and Table 1 . There were no differences during pretreatment (0 to 30 s, 30 to 60 s, 390 to 420 s). During the first 30 s of treatment (420 to 450 s), differences oc- Figure 1 . Mean heart rate of White Pekin ducks (n = 8) that had foam (FP, n = 15) or water (WP, n = 16) poured on their bills or had their bills dipped in foam (FD, n = 17) or water (WD, n = 17). For analysis purposes, the trial was broken into 8 critical periods over the 900-s trial. curred between FD and FP and between FD and WP. During the second 30 s of treatment (450 to 480 s), there were no differences between heart rates by treatment. During the first 30 s of recovery (480 to 510 s), there were differences FD and FP, FD, and WP, and FP and WD. By the conclusion of recovery (870 to 900 s), there were again no differences in heart rate. Figure 2 shows that there was some effect on duration of bradycardia across treatments. The FP treatment had an effect on the duration of bradycardia that approached significance (P = 0.059).
DISCUSSION
The purpose of this experiment was to determine if submersion of the bill in foam causes bradycardia or other cardiac patterns similar to submersion in water, as well as to provide a baseline to measure future cardiac adjustments compared with bradycardia produced by submersion of the bill in water. In addition, this experiment sought to determine if static contact of the bill in foam was sufficient to trigger the duck to voluntarily cease respiration and cause bradycardia. All of the ducks tested using the treatments FP, FD, WP, and WD developed bradycardia during the 60-s treatment period, which occurred between 420 and 480 s. The results showed that there was no difference between any of the treatments during the final 30 s of the treatment period (450 to 480 s), suggesting that all treatments caused a similar level of bradycardia. During the posttreatment recovery phase (480 to 510 s), there were differences between treatments. Figure 1 shows that FD caused lower heart rates during the first 30 s of the treatment period (420 to 450 s) as opposed to FP and WP. In addition, during the same time period, WD had a lower heart rate than WP. These results in connection suggest that the action of dipping the bill in water or foam lead to a faster induction of bradycardia as compared with pouring water or foam over the bill. The FP treatment resulted in a lower heart rate during the first 30 s of the posttreatment period (480 to 510 s) compared with FD and WD. The WP resulted in a lower heart rate during this period (480 to 510 s) compared with FD. By the final period of posttreatment recovery (870 to 900 s), all treatments showed minimal differences, indicating that once removed from foam, birds would recover similarly to birds exposed to water. Additionally, the FP treatment caused a longer duration of bradycardia than the FD, WD, and WP treatments, which approached statistical significance (Figure 2 ). This may be due to the tendencies of the foam to stick to the bill after the foam stopped pouring, which likely led to a continued response.
Because there was no difference in heart rate between the 2 pour treatments (FP and WP) and the 2 dip treatments (FD and WD), it can be concluded that the mechanism by which the foam or water was applied to the bill made a greater difference in heart rate drop and recovery as opposed to the type of liquid. These results are important because they show that heart rate can 176.5 ± 9.9 a 174.5 ± 9.6 a 175.9 ± 9.7 a 176.5 ± 9.5 a 0.027 (P = 0.994) 390 to 420 185.6 ± 9.6 a 187.5 ± 9.4 a 189.6 ± 9.5 a 200.9 ± 9.3 a 1.547 (P = 0.212) 420 to 450 145. be affected when pouring foam directly over the ducks' heads individually, as in small-chamber, laboratory depopulation compared with foam rising from the ground and building above the birds' heads. In the field, foam is typically directed onto the ground or the sidewall of a pen or building and allowed to build up to a level above the birds' heads (Benson et al., 2009; Simunich, 2009) , which may mimic the bill being dipped into foam because the foam is not applied directly to the ducks. Based on the graph shown in Figure 1 , foam depopulation in which foam is applied directly to the ducks' bodies or bills would most likely result in a delayed diving response, whereas a situation where the foam was allowed to slowly engulf the ducks would most likely result in an earlier diving response, as soon as the bill was dipped into the foam. Equally important, the information in Figure 2 shows that FP caused a prolonged duration of bradycardia compared with FD, despite equal treatment times.
It is important to note that all ducks that were tested survived the submersion in both water and foam. This experiment has demonstrated that submersion of White Pekin ducks in both foam and water leads to an initial apnea followed by bradycardia that lasted between 8 and 294 s, even though the bill was removed from the foam after 60 s. Other instances of bradycardia not associated with the diving reflex have been reported during euthanasia and depopulation of ducks as well as gallinaceous birds (Gerritzen et al., 2006; McKeegan et al., 2011) . Bradycardia occurs when the concentration of CO 2 in the surrounding air rises, such as during gas depopulation, which typically leads to cardiac arrhythmias and death (Gerritzen et al., 2006; McKeegan et al., 2011) . Apnea was reported in ducks that were exposed to and survived CO 2 concentrations between 5 and 20% in an enclosed chamber (Orr and Watson, 1913) ; it was later found that this response was caused by the irritant properties of the gas itself (Dooley and Koppanyi, 1929) . However, the bradycardia observed when the ducks' bills are submerged in foam and water is different from the above situations in that high concentrations of CO 2 gas were not inhaled and all of the ducks recovered. Submersion in foam, therefore, initially triggers apnea, as opposed to apnea caused by the foam occluding the trachea, and has similar cardiac effects to submersion in water. It can therefore be concluded that foam depopulation, because it involves full submersion in water-based foam, triggers a diving reflex in White Pekin ducks.
The depopulation of production birds is an effective and important method of preventing the spread of highly infectious diseases. A previous experiment by Benson et al. (2009) showed that water-based foam was an effective and efficient means of depopulation, even for White Pekin ducks. During an outbreak of low pathogenic avian influenza on a game bird farm in Idaho, water-based foam was used to successfully depopulate ducks that were living in pens and open-air structures that could not be sealed for CO 2 gas depopulation (Simunich, 2009) . A possible drawback of using water-based foam to depopulate White Pekin ducks is that this experiment supports the hypothesis that water-based foam does cause an initial period of apnea and bradycardia. Further testing is required to determine if this apnea and bradycardia due to the diving reflex prolongs the time to unconsciousness and death during foam depopulation.
